The major obstacle in cancer treatment is the resistance of cancer cells to therapies. Nrf2 is a transcription factor that regulates a cellular defense response and is ubiquitously expressed at low basal levels in normal tissues due to Keap1-dependent ubiquitination and proteasomal degradation. Recently, Nrf2 has emerged as an important contributor to chemoresistance. High constitutive expression of Nrf2 was found in many types of cancers, creating an environment conducive for cancer cell survival. Here, we report the identification of brusatol as a unique inhibitor of the Nrf2 pathway that sensitizes a broad spectrum of cancer cells and A549 xenografts to cisplatin and other chemotherapeutic drugs. Mechanistically, brusatol selectively reduces the protein level of Nrf2 through enhanced ubiquitination and degradation of Nrf2. Consequently, expression of Nrf2-downstream genes is reduced and the Nrf2dependent protective response is suppressed. In A549 xenografts, brusatol and cisplatin cotreatment induced apoptosis, reduced cell proliferation, and inhibited tumor growth more substantially when compared with cisplatin treatment alone. Additionally, A549-K xenografts, in which Nrf2 is expressed at very low levels due to ectopic expression of Keap1, do not respond to brusatol treatment, demonstrating that brusatol-mediated sensitization to cisplatin is Nrf2 dependent. Moreover, a decrease in drug detoxification and impairment in drug removal may be the primary mechanisms by which brusatol enhances the efficacy of chemotherapeutic drugs. Taken together, these results clearly demonstrate the effectiveness of using brusatol to combat chemoresistance and suggest that brusatol can be developed into an adjuvant chemotherapeutic drug. chemosensitization | reactive oxygen species | antioxidant response | natural compounds C ancer is the second leading cause of death in developed countries. Lung cancer is one of the most commonly diagnosed cancers and comprises 15-30% of the total number of cancer cases. Despite the fact that many new chemotherapeutic drugs have been developed and many aggressive treatments are available, cancer death rates continue to rise. The major obstacle in cancer treatment is the resistance to therapies, including chemotherapies. Two types of resistance are observed. (i) Intrinsic resistance: cancer cells are inherently drug resistant and do not respond. (ii) Acquired resistance: cancer cells acquire resistance to chemotherapy following an initial response, which is reflected in the recurrence of cancer in many patients following chemotherapy. Mechanistically, the resistance phenomena may be explained by (i) mutation or overexpression of drug target proteins, and/or (ii) inactivation of drugs by a reduction in uptake or enhanced detoxification and removal of drugs. Currently, radiation and platinum-based drugs are the standard treatment for lung cancer (1) . However, the toxicity profiles and high rate of relapse with platinum compounds limit their use and effectiveness. Therefore, there is an urgent need to develop new adjuvants that enhance the efficacy of platinumbased treatments and circumvent chemoresistance.
Nrf2 is an important transcription factor that regulates the antioxidant response by inducing the expression of genes bearing an antioxidant response element (ARE) in their regulatory regions. Activation of the Nrf2 pathway composes a cellular protective system that promotes cell survival under detrimental environments (2) (3) (4) . Interestingly, many Nrf2 target genes, including drug metabolizing enzymes, conjugating enzymes, and drug transporters, play a crucial role in determining drug response and resistance. Nrf2 is ubiquitously expressed in all human organs at low constitutive levels due to tight regulation by Keap1, a substrate adaptor protein for a Cullin3-based E3 ubiquitin ligase (5) (6) (7) (8) . Under basal conditions, Nrf2 is constantly targeted for Keap1-mediated ubiquitination and subsequent proteasomal degradation to maintain low Nrf2 protein levels. Upon activation, the enzymatic activity of the Keap1-Cullin3 E3 ubiquitin ligase is compromised, resulting in stabilization of Nrf2 and activation of Nrf2 downstream genes.
Oxidative stress is implicated in the initiation and progression of cancer. Under oxidative stress, Nrf2 induces the transcription of cellular protective genes to combat carcinogenic reactive intermediates. Therefore, activation of the Nrf2 pathway is important in chemoprevention as demonstrated by these findings: (i) many chemopreventive compounds have been identified as Nrf2 activators (4, (9) (10) (11) (12) , and (ii) Nrf2-null mice are highly susceptible to chemical carcinogens and are no longer protected by chemopreventive compounds (3, 13, 14) . Paradoxically, recent findings point to the "dark side" of Nrf2, as many studies have shown that constitutively high levels of Nrf2 promote cancer formation and contribute to chemoresistance (15) (16) (17) (18) . When Yamamoto's team revealed the structure of the Nrf2-Keap1 interaction, they demonstrated that two different mutations in the Kelch domain of Keap1 in lung cancer disrupted the interaction between Nrf2 and Keap1, leading to hyperactivation of the Nrf2-mediated protective response (19) . Additionally, Biswal's group identified somatic mutations that likely disrupt the repressor function of Keap1 at a frequency of 50% (6/12) or 19% (10/54) in cancer cell lines or cancer samples, respectively. Furthermore, loss of heterozygosity at 19p13.2, where Keap1 is located, was observed at a frequency of 61 and 41% in non-small cell lung carcinoma (NSCLC)-derived cell lines (72 in total) and tumor tissues (39 samples in total), respectively (20) . In another study, somatic mutations in Keap1 were found in 5 out of 65 (8%) patients who had adenocarcinoma (ADC), squamous cell carcinoma (SCC), or large cell carcinoma (LCC) (21) . Furthermore, nuclear expression of Nrf2 or low expression of Keap1 was found at a frequency of 26 or 56%, respectively, in 304 NSCLC tissue samples studied (22) . In addition to lung cancer, overexpression of Nrf2 has been shown in several other cancers. For example, Nrf2 expression was increased in 91.5% of cancer tissues from head and neck squamous cell carcinoma (HNSCC) (23) , and the frequency of Keap1 mutation was 30.7% (4 out of 13) in gallbladder cancer samples (24) . By the same token, mutations in Nrf2 can disrupt Keap1dependent repression and result in overexpression of Nrf2. Somatic mutations in the coding region of Nrf2 that allow Nrf2 to escape repression by the Keap1-Cullin3 E3 ubiquitin ligase were found in lung (11/103; 10.7%) and head and neck (3/12, 10.7%) tumors (25) . In a similar study, Nrf2 mutations were found in esophagus (8/70; 11.4%), skin (1/17; 6.3%), lung (10/125; 8.0%), and larynx (3/23; 13.0%) tumors (26) . More recently, we have reported a study on Nrf2 expression in endometrial cancer patients (117 cases). There was no detectable Nrf2 expression in complex hyperplasia. However, Nrf2 was highly expressed in endometrial endometrioid carcinoma (type I) (28%) or endometrial serous carcinoma (type II) (89%) (27) , which is the most malignant and recurrent carcinoma among female genital malignancies.
Recent studies with cultured cells and mouse xenograft models strongly support the notion that Nrf2 is a great target to overcome chemoresistance. For instance, suppression of endogenous Nrf2, either by transfecting Nrf2-siRNA or overexpressing Keap1, sensitized cancer cells to chemotherapeutic drugs. Conversely, overexpression of Nrf2 in cancer cells that have low basal levels of Nrf2, enhanced resistance in a variety of cancer cells including neuroblastoma, breast, ovarian, prostate, lung, and pancreatic cancer cells (28) (29) (30) (31) (32) . Combined use of Nrf2-siRNA and carboplatin inhibited the growth of A549 xenografts in mice (33) . In addition, we have demonstrated that suppression of Nrf2 by Keap1 overexpression sensitized SPEC-2 cells, which are derived from type II endometrial cancer, and SPEC-2 xenografts to cisplatin (27) . In support of a role for Nrf2 in chemoresistance, expression of Nrf2 in cancer cells increased during acquisition of drug resistance (34, 35) . Collectively, these results demonstrate that Nrf2 contributes to chemoresistance observed in many types of cancers originating from different organs. Further, this illustrates the urgent need to identify compounds that suppress the Nrf2 pathway and develop them into druggable compounds to enhance the effectiveness of cancer treatments.
Results
Brusatol Selectively Inhibited the Nrf2 Pathway. To combat Nrf2mediated chemoresistance, we searched for compounds that suppress the Nrf2 pathway by screening a large number of natural products for their ability to inhibit ARE-luciferase activity using a stable cell line, MDA-MB-231-ARE-Luc (36) . A plant extract from Brucea javanica (L) Merr. (Simaroubaceae), an evergreen shrub grown in Southeast Asia and Northern Australia, was found to inhibit ARE-luciferase activity and the protein levels of Nrf2. Subsequently, the plant extract was further fractionated and purified compounds were tested for their ability to inhibit the Nrf2 pathway, which resulted in the identification of brusatol, a quassinoid ( Fig. 1A) . The purification procedure and the identification of brusatol are described ( Fig. S1 ). Brusatol inhibits ARE-luciferase activity in a dose-dependent manner in the MDA-MB-231-ARE-Luc stable cell line ( Fig. 1B ). Furthermore, 40 nM of brusatol significantly decreased the protein level of Nrf2 after just 2-4 h of treatment and was able to maintain reduced Nrf2 protein levels compared with control for up to 72 h (Fig. 1C, Upper) . Interestingly, brusatol but not brucein C, another quassinoid with a similar chemical structure, reduced Nrf2 in a dose-dependent manner ( Fig. 1D , Nrf2, and Fig. S2 A and B) . Additionally, a dosedependent reduction of Nrf2 protein levels by brusatol was observed in all cell lines tested, including HeLa, MDA-MB-231, Ishikawa, and SPEC-2 ( Fig. S3 ). To demonstrate whether the effects of brusatol are reversible, we tested the ability of Nrf2 to recover after removal of brusatol. Again, brusatol decreased Nrf2 protein levels when compared with untreated cells (Fig. 1C , Lower). Moreover, following the removal of brusatol, Nrf2 protein level quickly recovered within 1 h and surpassed those of basal levels at 2-4 h. Subsequently, Nrf2 protein levels reached equilibrium 8-24 h after the removal of brusatol (Fig. 1C, Lower) . In addition to Nrf2, the protein level of Nrf2-target genes, including γGCS, MRP1, and MRP2, was also reduced in a dose-dependent manner, whereas only a slight reduction in NQO1 was observed ( Fig. 1D ).
Conversely, the protein level of Keap1 was not affected by brusatol ( Fig.1 C and D) . In contrast to a previous report indicating that brusatol activated the NF-κB pathway (37) , brusatol had no effect on κB-luciferase activity, whereas it strongly suppressed ARE-luciferase activity (Fig. 1E ), demonstrating that brusatol selectively inhibits the Nrf2 pathway. This notion was further supported by similar protein levels of IκBα and phosphorylated p65 in response to different doses of brusatol, whereas TNFα decreased IκBα and increased phosphorylated p65 ( Fig. 1F , Upper). In addition, brusatol had no effect on caspase-3, a key modulator of the apoptotic pathway, Stat-3, or β-catenin; however, it moderately reduced c-Myc expression ( Fig. 1F, Lower) . Collectively, these results demonstrate that brusatol specifically inhibits the Nrf2 pathway by reducing the protein level of Nrf2.
Brusatol Inhibited the Nrf2 Pathway Through Enhanced Ubiquitination and Degradation of Nrf2. To test the possibility that brusatol reduces Nrf2 through a posttranslational mechanism, mRNA expression of Nrf2, Keap1, and Nrf2-target genes were measured by real-time RT-PCR. Brusatol did not change the mRNA level of Nrf2 or Keap1, but decreased the level of NQO1, MRP1, MRP2, GSTm2, and GCLC ( Fig. 2A ). Next, half-life was measured using a pulsechase assay. Brusatol reduced the half-life of Nrf2 from 62.4 min to 25.5 min (Fig. 2B ). In accordance with this notion, in vivo ubiquitination analysis indicated that ubiquitination of Nrf2 (Fig. 2C , ubiquitin-conjugated Nrf2 normalized to the amount of Nrf2, lanes 2 and 3; or by using equal amounts of Nrf2 for the ubiquitination assay, lanes 7 and 8) was enhanced 1.5-to 2-fold by brusatol, whereas ubiquitination of Keap1 was decreased ( Fig. 2C , for quantification see bar graph below). Interestingly, this brusatolmediated switch in ubiquitination from Keap1 to Nrf2 is opposite of what we reported previously with the Nrf2 activator tert-butylhydroquinone (tBHQ), which resulted in reduced ubiquitination of Nrf2, but enhanced ubiquitination of Keap1 (38) . Collectively, these results imply that brusatol likely modulates the ubiquitinmediated protein degradation system to enhance Nrf2 degradation. Additionally, the effect of brusatol on cell growth and death was also investigated. Brusatol did not cause any significant cell death up to 72 h after treatment as measured by Annexin V and propidium iodide (PI) staining (Fig. 2D ), whereas it slightly arrested cell cycle at the S phase at 72 h ( Fig. 2E ).
Brusatol Sensitized Cancer Cells and Xenografts to Chemotherapeutic
Drugs. Because Nrf2 was found to be highly expressed in cancer tissues and contributes to chemoresistance, a reduction of Nrf2 should sensitize cancer cells to chemotherapeutic drugs. Next, the effects of brusatol on cytotoxicity were measured using the xCELLigence system (Roche). A549 lung cancer cells were treated with DMSO, brusatol, cisplatin, or in combination, and cell growth was monitored (Fig. 3A) . A total of 6 μM of cisplatin displayed a minor reduction in cell number, whereas treatment with brusatol alone resulted in transient growth arrest followed by a quick growth period (Fig. 3A, Left) . However, cotreatment of brusatol with cisplatin dramatically reduced cell number (Fig.  3A, Left) . Using a higher dose of cisplatin (18 μM) alone, we saw substantial cell death up to 60 h posttreatment. However, an increase in cell growth was observed afterward, indicating the onset of drug resistance. In contrast, when cells were cotreated with brusatol, the number of viable cells decreased dramatically after 60 h and there were no viable cells at 96 h (Fig. 3A, Right) . Brucein C, which was unable to reduce Nrf2 protein levels, did not enhance cisplatin-mediated cell death (Fig. S2C ). Furthermore, brusatol sensitized A549 cells to other chemotherapeutic drugs such as carboplatin, 5-fluorouracil, etoposide, and pacilitaxel (Fig. S4 ). In addition, similar experiments were performed in several other cancer cell lines including HeLa and MDA-MB-231 cells, and the brusatol-mediated sensitization to chemotherapeutic drugs was observed in both cancer cell lines (Fig. S5 ). As another way to measure toxicity, a colony formation assay was conducted and our results demonstrated that brusatol or cisplatin alone reduced the number of colonies formed; however, combined treatment dramatically reduced colony formation (Fig. 3B) .
These results indicate that brusatol enhanced cytotoxicity induced by chemotherapeutics drugs.
To explore the anticancer effect of brusatol in vivo, we used A549 xenografts grown in nude mice as a model. Nude mice were injected with A549 cells to induce tumor growth, followed by a single i.p. injection of 2 mg/kg brusatol. Tumors were isolated 24 h or 48 h postinjection. We found that Nrf2 protein levels were significantly decreased at 24 h or 48 h postinjection, indicating that brusatol is able to reach the tumor tissue and inhibit the Nrf2 pathway ( Fig. 3C ). To measure tumor growth, two different experiments were performed. In the first experiment, once the tumor size reached an average of 230 mm 3 , DMSO, brusatol (2 mg/kg), cisplatin (2 mg/kg), or cisplatin (2 mg/kg) and brusatol (2 mg/kg) combined treatment was i.p. injected every other day for a total of five times. This will be referred to as the "five-time cisplatin treatment regimen." Cisplatin or brusatol alone did not inhibit tumor growth significantly, whereas in the combination group, tumor size was significantly reduced (Fig. S6A, Left) . No significant weight loss was observed in any group (Fig. S6A, Right) .
These results indicate that brusatol is able to combat intrinsic resistance. Because many patients develop acquired resistance after several treatments with cisplatin, we wanted to mimic this in our mouse model. In the second experiment, once the tumor size reached an average of 80 mm 3 (day 18) the mice were treated with the five-time cisplatin treatment regimen. One week after the end of the first treatment regimen, a second five-time cisplatin treatment regimen was used on day 33. Brusatol or cisplatin alone delayed tumor growth ( Fig. 3D ). However, cotreatment of brusatol with cisplatin significantly reduced tumor sizes (Fig. 3D) . The sensitizing effect of brusatol was more substantial after the second regimen ( Fig. 3D) , although mice in the combination group lost weight slightly after the second regimen (Fig. S6B) . The experiment was terminated at 46 d after the injection of A549 cells and tumors were isolated. The reduction of tumor size and weight in the combination group was apparent (Fig. 3E ). Next, tumor tissues were analyzed for apoptosis and cell proliferation by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and immunohistochemistry (IHC) with Ki67, respectively. Brusatol alone did not induce visible apoptosis, whereas cisplatin and combined treatment significantly induced apoptotic cells (Fig. S6C,  Upper) . Furthermore, cisplatin treatment inhibited cell proliferation slightly, whereas there was a significant decrease in cell proliferation when cells were cotreated (Fig. S6C, Lower) . Taken together, these results clearly demonstrate the effectiveness of using brusatol to combat both intrinsic and acquired chemoresistance. (F) A reduction in Nrf2 was required for brusatol-mediated sensitization to cisplatin. Twenty nude mice were injected with either A549-V or A549-K (1 × 10 7 cells). When the average tumor size reached 280 mm 3 (28 d for A549-V-derived tumors; 42 d for A549-K-derived tumors), mice (10 per group) were treated with cisplatin or in combination every other day for a total of five times. Tumor size was measured.
Brusatol-Mediated Sensitization to Cisplatin Treatment Was Nrf2
Dependent. To test whether brusatol-mediated sensitization to chemotherapeutic drugs relies on its ability to decrease Nrf2 protein expression, two A549-derived stable cell lines established in our laboratory were used (28) . A549-V and A549-K are A549 cells stably transfected with an empty vector or a vector containing Keap1-CBD, respectively. Stable knockdown of Nrf2 in A549-K and enhanced susceptibility of this cell line to chemotherapeutic drugs, compared with A549-V, has been reported by our group previously (28) . Nude mice were injected with either A549-V or A549-K cells. The five-time cisplatin treatment regimen started once the average tumor size reached 280 mm 3 . It is interesting to note that A549-K cells took much longer than A549-V to reach the same tumor size ( Fig. 3F, 28 d for A549-V and 42 d for A549-K), further confirming the notion that high constitutive levels of Nrf2 promote tumor formation. Remarkably, xenografts derived from A549-V cells had a significant reduction in tumor size in the combination group compared with that in the cisplatin group (Fig.  3F, Left) . In contrast, xenografts derived from A549-K cells responded to cisplatin and combined treatment equally (Fig. 3F,  Right) . No weight loss was observed in this experiment (Fig. S7A) . These results indicate that a reduction in Nrf2 protein levels is necessary for brusatol-mediated sensitization to cisplatin and that brusatol can mimic Keap1 in reducing the protein level of Nrf2, thus sensitizing cancer cells to chemotherapy.
Next, xenografts derived from A549-V and A549-K after 52 and 66 d injection, respectively, were examined for Nrf2 expression by immunoblot analysis. Interestingly, the xenografts derived from A549-K cells still expressed Keap1-CBD and had reduced Nrf2 expression even after 66 d without puromycin selection (Fig. S7B ). Lower Nrf2 expression in A549-K-derived xenografts was confirmed by IHC staining with an Nrf2 antibody (Fig. S7C, Top) . Furthermore, A549-K-derived xenografts had more TUNEL positive cells than A549-V-derived xenografts in the cisplatin-treated groups (Fig. S7C, Middle) , indicating reduced Nrf2 expression renders cells more sensitive to cisplatin. Cotreatment with brusatol increased the number of apoptotic cells only in A549-V-derived xenografts, not in A549-K-derived xenografts, which already had a high level of apoptosis in response to cisplatin alone (Fig. S7C, Middle) . Moreover, the combined treatment of brusatol with cisplatin further reduced cell proliferation when compared with cisplatin-treated tumors (Fig. S7C, Bottom) . Collectively, these results show that brusatol is able to enhance chemotherapeutic efficacy through specific inhibition of the Nrf2-dependent cellular defense mechanism.
Brusatol Treatment Decreased Glutathione Levels and Increased the Intracellular Concentration of Cisplatin. It was hypothesized that reduced detoxification due to a decrease in the formation of cisplatin-glutathione conjugates and impaired export of intracellular cisplatin due to limited expression of exporters, such as MRP1 and MRP2, may be the underlying mechanisms for brusatolmediated sensitization to cisplatin. Indeed, brusatol decreased intracellular glutathione levels in a dose-dependent manner (Fig.  S7D ). Furthermore, brusatol treatment enhanced the intracellular concentration of cisplatin by a fold of 1.62 (Fig. S7E ).
Discussion
Using a rationally targeted approach, we have identified brusatol as a unique inhibitor of the Nrf2 pathway. We have demonstrated that brusatol sensitized cancer cells and xenografts to cisplatin and other chemotherapeutic drugs. Brusatol-mediated sensitization to cancer therapy relies on its ability to suppress the Nrf2 pathway through reduced Nrf2 protein expression. No obvious toxicity was observed at the doses that were sufficient to sensitize cancer cells to chemotherapeutic treatments. Furthermore, the inhibitory effect of brusatol on the Nrf2 pathway is reversible as Nrf2 quickly recovers to basal levels after removal of brusatol. Because brusatol is capable of inhibiting Nrf2 in many cell types, it can be used to enhance the efficacy of a wide variety of chemotherapeutic drugs to treat many types of cancers. Our study demonstrates the potential therapeutic use of brusatol to combat chemoresistance.
A group at the University of North Carolina investigated the use of brusatol as an antitumor agent for leukemia cancer in the 1970s and 80s. This group reported that bruceantin, brucein D, brucein E, bruceoside A, and brusatol inhibited DNA, RNA, and protein synthesis as well as oxidative phosphorylation in p-388 lymphocytic leukemia cells (39, 40) . Inhibition of overall protein synthesis was observed in rabbit reticulocytes, as well as in cell lines derived from lymphocytic leukemia, Ehrlich carcinoma, hepatoma, and lymphoid leukemia (41) (42) (43) (44) . It should be noted that nanomolar concentrations of brusatol were used in our study, whereas micromolar concentrations were used in the in vitro studies conducted by the aforementioned groups (42, 43) . In our study, brusatol (20-80 nM) specifically inhibited the protein level of Nrf2 in a dose-dependent manner (Fig. 1D) . Despite a moderate reduction of c-Myc, no effect on caspase-3, Stat-3, β-catenin, p65, or IκB-α was observed (Fig. 1F ), further demonstrating that brusatol is not a universal protein synthesis inhibitor at the concentration used in our study. The controversial results between our study and theirs are most likely due to the difference in either the concentrations of brusatol or cell types used. Moreover, we show that despite the structural similarity between brucein C and brusatol, brucein C had no effect on the protein level of Nrf2 (Fig.  S2B) . These results further demonstrate that brusatol-mediated inhibition of the Nrf2 pathway has a high degree of specificity. Between 2001 and 2004, Pezzuto's group found that brusatol was able to induce G1 arrest and terminal differentiation in myeloid leukemia cell lines such as HL-60, K562, Kasumi-1, NB4, U937, and BV173, through inhibition of c-Myc expression (45, 46) . We did observe a moderate reduction in c-Myc expression following brusatol treatment (Fig. 1F, Lower) ; however, we did not detect any significant changes in the number of cells in G1 phase in A549 cells treated with 40 nM of brusatol for 24 h, 48 h, or 72 h ( Fig.  2E) . Currently, it is not clear whether a reduction in c-Myc expression contributes to the growth inhibition observed in response to brusatol treatment alone in our in vitro and in vivo experiments ( Fig. 3 A and D) . Nevertheless, a reduction in Nrf2 protein expression certainly reduced tumor growth because A549-K xenografts took much longer than A549-V xenografts to reach 280 mm 3 (42 d vs. 28 d) ( Fig. 3F ). It is also unclear whether inhibition of both Nrf2 and c-Myc by brusatol is independent of each other or whether it is a result of cross-talk between the Nrf2 and c-Myc pathways. In addition, the same group demonstrated activation of the NFκB pathway by brusatol in HL-60 cells undergoing cell differentiation (37) . However, we failed to detect any effect of brusatol on the NFκB pathway in A549 cells, as demonstrated by both κB-luciferase activity and the protein level of IκB-α and P-p65 ( Fig. 1 E, Lower and F, Upper) .
Brusatol inhibits the Nrf2 signaling pathway by reducing the protein level of Nrf2. The reduction in Nrf2 in response to brusatol was observed in all cell lines tested, including A549, HeLa, MDA-MB-231, Ishikawa, and SPEC-2, regardless of the status of Keap1 or Nrf2 being wild type or mutated. A549 cells bear a G-T mutation at amino acid position 333 in the first Kelch domain of Keap1, which gives rise to a constitutively high basal level of Nrf2 (20) . Ishikawa and Spec-2 cells were isolated from type I and type II endometrial cancer patients, respectively, and we did not find any mutations in the coding region of Keap1 or Nrf2 in either cell line. However, Spec-2 has higher basal and inducible levels of Nrf2 than Ishikawa (27) . MDA-MB-231 has very low basal levels of Nrf2 and the Nrf2-Keap1 pathway is highly inducible. Moreover, no mutation was found in either Nrf2 or Keap1 in HeLa cells (7, 25) . It will be interesting to know whether brusatol-mediated enhancement of ubiquitination and degradation is Keap1 dependent. Because the cell lines tested had different statuses of Keap1, brusatol-mediated Nrf2 degradation may be independent of Keap1. However, in A549 cells, despite the point mutation in Keap1, an induction of Nrf2 by sulforaphane was observed. This suggests that the function of Keap1 is not completely disrupted and leads us to believe that brusatol enhances Nrf2 degradation in a Keap1-dependent manner. The detailed mechanism by which brusatol enhances Nrf2 ubiquitination warrants further investigation.
Materials and Methods
See SI Materials and Methods for greater detail.
Animal Treatment. Athymic nude mice were purchased from Harlan Laboratories. Mice 4-6 wk old were injected with A549 cells. Once the tumors reached 80 mm 3 (for the two times five-time cisplatin treatment regimen in Fig. 3D ) or 280 mm 3 (for the single five-time cisplatin treatment regimen in Fig. 3F and Fig.  S6 ), mice were randomly allocated into four groups and treated i.p. with DMSO, cisplatin (2 mg/kg), brusatol (2 mg/kg), or in combination every other day for a total of five times. In Fig. 3D , after the initial five-time cisplatin treatment regimen, treatment stopped for 1 wk to allow mice to recover before the second five-time cisplatin treatment regimen was repeated.
Reporter Gene Assay, in Vivo Ubiquitination, and Pulse-Chase Analysis. MDA-MB-231-ARE-Luc cells were used to measure luciferase activity. For the dual luciferase reporter gene assay, A549 cells were transfected with all of the necessary vectors and firefly and renilla luciferase activity was measured using the Promega dual-luciferase reporter gene assay system. In vivo ubiquitination analysis was conducted as reported previously (47) . The half-life of Nrf2 was measured by pulse-chase analysis.
Cell Viability Assay, Colony Formation Assay, Apoptotic Cell Death, and Cell Cycle Analysis. Cell viability was measured by the xCELLigence system (Roche). Colony formation was performed using a standard protocol. An in situ cell death detection kit (Roche) was used for detecting apoptotic cell death in tumor tissue and analyzed under a fluorescence microscope (Zeiss Observer Z1, Marianas digital microscopy workstation). Apoptotic cells in cultured cells were detected using Annexin V-FITC apoptosis detection kit (Sigma) and analyzed by flow cytometry. For cell cycle analysis, 1 × 10 6 cells were incubated with RNase A and PI before analysis using flow cytometry.
